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Abstract:Ce:YAG-poly(methyl methacrylate) (PMMA) composites were prepared
by using a melt compoundingmethod, adding several amounts ofCe:YAG in the
range 0.1–5 wt. %. The optical properties of the obtained composites and of the
composites combined with a blue LED were measured to investigate the effect
of the amount of Ce:YAG on the resulting emitted light in view of possible ap-
plication in white LED manufacture. An increase in Ce:YAG amount caused an
increase in the emission and a shift of 15 nm, influencing the white LED perfor-
mance. The structure andmorphology of the composites were studied. The results
show that the interaction between the two components, observed by using solid
state NMR experiments, are the responsible for the observed shift.
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1 Introduction
After nearly a century of rapid development, LEDs are considered by the scien-
tific community as being ready to replace incandescent and fluorescent lighting.
The definition of the relevant factors that affect the quality of these new sources
is a key aspect for the design and production of such electronic devices. Low cost,
energy efficient, mercury-free, long lifetimes, and compactness are the main ad-
vantages of LEDs [1]. There are two approaches to white light generation with
LEDs: 1) phosphor based white LEDs, and 2) multi-coloured LED solutions – in-
cluding RGB-LEDs. Presently, commercial white LEDs available in the market use
a coating of Ce3+ activated yttrium aluminium garnet (Ce3+:Y
3
Al
5
O
12
,Ce:YAG)
phosphor on a blue LED chip of GaN or InGaN. The white light is generated
by a combination of the non-absorbed blue emission from the blue LED and the
broad yellow emission from Ce:YAG phosphor [2]. However, it inherently suf-
fers from a low colour-rendering index due to the red spectral deficiency [3–5].
Many researchers are studying how to modifyCe:YAG, i. e. co-doping the garnet
phase to obtain a phosphor with ideal optical properties that has a broad emis-
sion band covering the green and red regions in the blue-light excitation [6–8].
As an alternative, Ce:YAG ceramics and polymeric composites were also inves-
tigated. Recently, some of us demonstrated that polymeric composites of poly-
metylmethacrylate (PMMA) containing Ce:YAG is an ideal yellow light emitter
complementary to a blue light to the realization of a white LED on a large scale [9–
11].
In this paper, we investigated the effect of the amount of Ce:YAG on the
optical properties of a Ce:YAG-PMMA composite. The composites were also
combined with a blue LED to investigate the effect of the amount of Ce:YAG
on the colour of the emitted light. Ce:YAG-PMMA composites were prepared
by using melt compounding at different compositions (0–5 wt. % of Ce:YAG).
The optical properties were measured by using photoluminescence spectroscopy.
X-ray diffraction (XRD), transmission electron microscopy (TEM) and 13C cross-
polarization magic-angle spinning NMR (13C{1H} CP-MAS NMR) were used to
investigate the structure, morphology and interaction between the two compo-
nents.
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Figure 1: Photo of the obtained
composites at different Ce:YAG
amount (0–5 wt.%).
2 Materials and methods
2.1 Materials
Ce:YAG powder, with a density of 4.8 g cm−3, was supplied by Dogtai Tianyuan
Fluorescent Materials, China. Commercial grade PMMA (Altuglas (â) V920T),
in pellet form, having a melt flow rate of 1 g/10min at 230 ∘C/3.8 kg, M
w
=
110 000 gmol
−1, produced by Altuglas International (France).
2.2 Preparation of the Ce:YAG-PMMA composites
PMMA pellets andCe:YAG powder were dried in an oven at 80 ∘C for 12 h before
use. All composites were prepared by mixing the polymer and filler in a Braben-
der Plastograph 50mL internal mixer at 200 ∘C and 50 rpm for 10min. For the
preparation of the composites, PMMA was first melted for 2min at 200 ∘C, and
different amount (0.1, 0.3, 0.5, 1, 2 and 5 wt. %) of the Ce:YAG were added into
the molten polymer and mixed for a further 8min. The samples were then melt
pressed into3 mm thick sheets at200 ∘C for5minat50 bar. PurePMMA, as a con-
trol sample, was prepared following the same procedure. Yellow solid products,
composed of the PMMA polymeric matrix containingCe:YAG particles, were ob-
tained (Figure 1). The composites remained transparent up to 2 wt. % ofCe:YAG.
2.3 Characterization techniques
The emission (PL) and excitation spectra were measured using a Fluoromax 4
HORIBA Jobin Yvon spectrofluometer. Samples, placed at 45∘, were excited by
an Xe source operating at 150W. The Ce:YAG-PMMA composites were excited
with a wavelength of 450 nm for emission measurement and 550 nm for excita-
tion measurements.
The emission spectra of theCe:YAG-PMMAcomposites combinedwith a blue
LED (InGaN, Quantum Light technology, Voltage 3.2 V, Current 350mA) were
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measured using an Ocean Optics USB2000+XR1 spectrometer operating in the
wavelength range 200–1100 nm. The chromaticity coordinates were calculated
from the emission spectra following the standard CIE 15:2004.
The X-ray diffraction (XRD) patterns were recorded with a Philips diffrac-
tometer in the Bragg–Brentano geometry using a Ni filtered Cu K
𝛼
radiation (𝜆 =
1.54056 Å) and a graphite monochromator in the diffracted beam. The X-ray gen-
erator worked at40 kV and 30mA; the instrument resolution (divergent and anti-
scatter slits of 0.5∘)was determinedusing standards free from the effect of reduced
crystallite size and lattice defects.
The transmission electron microscopy (TEM) micrographs were acquired us-
ing a JEM-2100 (JEOL, Japan) electron microscope operating at 200 kV accelerat-
ing voltage. For the observation of the composites, 100 nm thick slices were pre-
pared by using a Leica EM UC6 ultra-microtome, and were put onto a 3mm Cu
grid ‘lacey carbon’ for analysis.
The 13C{1H} CP-MAS NMR spectra were obtained at room temperature using
a Bruker Avance II 400MHz (9.4T) spectrometer operating at 100.63 MHz for the
13
C nucleus with a MAS rate of 10 kHz, 400 scans, a contact time of 1.5 μs, and
a repetition delay of 2 s. The optimization of the Hartmann-Hahn condition was
obtained using an adamantane sample. Each sample was placed in a 4mm zirco-
nia rotor with KEL-F caps using silica as filler to avoid inhomogeneities inside the
rotor. The proton spin–lattice relaxation time in the rotating frame T
1𝜌
(H) was in-
directly determined, with the variable spin lock (VSL) pulse sequence, by the car-
bon nucleus observation using a 90∘-𝜏-spin-lock pulse sequence prior to cross po-
larization with a delay time 𝜏 ranging from 0.01 to 3 s. The 13C spin–lattice relax-
ation time in the rotating frameT
1𝜌
(C) was determined, with the variable spin lock
(VSL) pulse sequence, applying the spin-lock pulse after the cross-polarization on
the carbon channel. The data acquisition was performed by 1H decoupling with
a spin lock pulse length, 𝜏, ranging from 0.4 to 30ms and a contact time of 1.5 ms.
3 Results and discussion
Theexcitationandemission spectra ofCe:YAGpowder, of PMMAandofCe:YAG-
PMMA composites, measured at room temperature, are reported in Figure 2.
The excitation spectrum of the Ce:YAG powder show a large band centered
at 460 nm and assigned to the 2F
5/2
→ 5𝑑
2
absorption transition, as expected. No
band is observed in the pure PMMA. The excitation spectra of theCe:YAG-PMMA
composites show the same large band which intensity increase with an increase
in the amount of Ce:YAG.
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Figure 2: Excitation (left) and emission (right) spectra of Ce:YAG powder (dash), PMMA and
Ce:YAG-PMMA composites (lines).
The emission spectra of the powder and of the composites were recorded us-
ing 𝜆exc = 450 nm as excitation wavelength which well matches the lowest en-
ergy 5d
1
band of Ce3+. In all case, the asymmetric spectra consist of a very broad
band located around 550 nm associatedwith the 5d(2A1g) → 4f (2F
5/2
and 2F
7/2
)
transitions ofCe3+. No band is observed in the pure PMMA. In the composites, the
band intensity increases with the amount of Ce:YAG. Since it is well known that
the luminescent intensity is related to the average distance between luminescent
centres [11], this could be due to the concentration ofCe:YAG in the polymer. The
Ce:YAG-PMMA composites loadedwith 0.5 and 5 wt. %Ce:YAGwere, thus, ana-
lyzedwith TEM to investigate the distribution of the particles in the polymer. Some
of the TEMmicrographs, taken at different magnifications, of theCe:YAG-PMMA
composites loaded with 0.5 and 5 wt. % Ce:YAG are shown in Figure 3.
The Ce:YAG particles maintained the same mean size (∼0.5 μm) in all the
analysed samples. Being the filler commercially available, and knowing that the
particles size of the filler is of few μm (polydispersion in the range 0.1–2 μm), it
is possible to assert that the size of the filler is not influenced by the preparation
method we used.
The particles formed clusters uniformly dispersed in the composite, but their
distributionwas significantly different. For the 0.5 wt. % composite, isolated clus-
ters were present, while for the 5 wt. % composite a more homogeneous disper-
sion of clusters was observed.
However, the maximum emission wavelength (𝜆
max
) significantly changed
and a shift of 15 nm was observed increasing the Ce:YAG amount, as reported
in Figure 4. The value of 𝜆
max
of the Ce:YAG-PMMA loaded at 2 and 5 wt. % is
equal to the ones of the Ce:YAG powder.
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Figure 3: TEMmicrographs of Ce:YAG-PMMA composites (A–B) 0.5 wt.% (C–D) 5 wt.% at two
magnifications.
This finding cannot to be ascribed to any significant shifts of the excitation
bands, indicating that the shift of the emission band does not come from any sig-
nificant variations in the energy position of the 5d electronic states of the Ce3+
ions, both in terms of their population and type. Since the shift could be as-
cribed to changes in the cell parameters of the garnet phase and in the crystal
field around theCe3+ ions, XRD patterns of theCe:YAG, PMMA and theCe:YAG-
PMMA composites were obtained and reported in Figure 5.
The diffraction pattern of theCe:YAG powder is typical for the garnet phase.
The diffraction pattern of PMMA shows a broad diffraction peak band centred
around 14∘, typical of an amorphous material, together with two bands of lower
intensities centred at 29.7∘ and 41.7∘, in line with previously reported results [12–
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Figure 4: Position of the maximum of the emission band of the Ce:YAG powder (∘) and of
Ce:YAG-PMMA composites (∙) as function of Ce:YAG amount.
Figure 5: XRD patterns of Ce:YAG, PMMA and Ce:YAG-PMMA composites.
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15]. The first band reflects the ordered packing of polymer chainswhile the second
and third one denote the ordering inside the main chains with their intensity sys-
tematically decreasing [16]. The diffraction pattern of the composites loaded with
0.1 and 0.3 wt. % are similar to that of the pure PMMA. A low intensity diffrac-
tion peak appears at 33∘ in the pattern of the composite loaded with 0.5 wt. %
Ce:YAG. All the peaks of the garnet phase, with intensities increasing with in-
creasing amount of Ce:YAG, are present in the XRD patterns of the composites
loaded with 1, 2 and 5 wt. %Ce:YAG. No shift in the position of the garnet phase
peaks with respect to the powder was observed, thus confirming that no struc-
tural modification occurred in the filler when it was embedded in the polymer. No
change in the cell parameter of the garnet phase was observed, indicating that
the observed shift in the emission band is attributable to the different environ-
ment around the Ce:YAG particles. Bhat et al. [17] demonstrated that the emis-
sion bands of phosphors can be tuned by varying the optical properties of the
matrix. In our opinion, on the basis of these speculations, the observed shift was
probably the result of specific interactions between the polymer chains and the
Ce:YAG filler particles.
13
C{
1
H} CP-MAS NMRmeasurements were performed to understand the pos-
sible changes of the polymeric chains caused by the presence of Ce:YAG in the
polymer and to investigate the interactions between the two components. The
13
C{
1
H} CP-MAS NMR spectra of PMMA and theCe:YAG-PMMA composites, and
the assignment of the 13C chemical shifts of the polymer are reported in Figure 6.
All the spectra show five resonance peaks at 177.9, 55.4, 52.3, 45.2 and
16.6 ppm due to respectively the carbonyl carbon, methoxyl group, the quater-
nary carbon of the polymer chain, and themethylene andmethyl groups. Nomod-
ification in the chemical shift and in the signal shapewasobserved in thepresence
ofCe:YAG. This confirmed that there were no chemical interactions and that only
physical interactions occurred between the polymer and the Ce:YAG particles.
In order to investigate possible molecular interactions between the compo-
nents, and to detect dynamic changes in the polymer induced by the presence of
Ce:YAG, the proton and carbon spin lattice relaxation times in the rotating frame,
T
1𝜌
(H) and T
1𝜌
(C), were determined through solid-state NMRmeasurements. Both
the T
1𝜌
(H) and T
1𝜌
(C) values give information aboutmolecularmotions in the kHz
range [18–20]. These motions reflect the dynamic behaviour of a polymeric chain
in a range of a few nanometers. However, for natural-abundance experiments the
spin diffusion is less effective in the T
1𝜌
(C) averaging, and this parameter is there-
fore a good probe for local mobility. The T
1𝜌
(H) and T
1𝜌
(C) values obtained from
each peak in the 13C spectra of all the samples are reported in Table 1.
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Figure 6: 13C{1H} CP-MAS NMR spectra of PMMA and of Ce:YAG-PMMA composites.
Table 1: Relaxation time values for all the peaks in the 13C spectra of PMMA and of
Ce:YAG-PMMA composites loaded with 0.5 and 5 wt.% Ce:YAG.
Carbon ppm T
1𝜌
H (ms) T
1𝜌
C (ms)
PMMA Ce:YAG- Ce:YAG- PMMA Ce:YAG- Ce:YAG-
PMMA PMMA PMMA PMMA
(0.5 wt. %) (5 wt.%) (0.5 wt.%) (5 wt.%)
1 177.9 14.3± 0.2 16.1± 0.2 33.5± 0.2 30.1± 0.3 24.8± 0.2 16.4± 0.3
2 55.4 – 21.5± 0.2 – 41.0± 0.2 4.6± 0.4 6.4 ± 0.3
3 52.3 20.5± 0.1 11.8± 0.1 54.4± 0.3 62.6± 0.4 10.7± 0.2 10.6± 0.2
4 45.2 13.4± 0.1 9.5± 0.3 15.8± 0.2 65.3± 0.2 14.9± 0.2 16.2± 0.1
5 16.6 15.2± 0.2 15.7± 0.4 10.6± 0.3 17.0± 0.1 19.6± 0.2 24.4± 0.2
The calculated T
1𝜌
(H) values for all the peaks in PMMA are of the same or-
der of magnitude. The similar relaxation times for the proton bound to the corre-
sponding carbonatoms indicate thatno specific interactionsoccurred. As a conse-
quence, the material can be considered homogeneous to the length scale of a few
nanometers. The loading of 0.5 wt. % Ce:YAG in PMMA does not cause any ap-
preciable change to the above parameter, thus indicating that this concentration
is unable to modify the dynamic behaviour of the polymer. Different behaviour
was observed for the composite loaded with 5 wt. % Ce:YAG, where the T
1𝜌
(H)
values were strongly affected by the presence of the filler. There was an obvious
 - 10.1515/zpch-2015-0703
Downloaded from De Gruyter Online at 09/08/2016 09:50:16AM
via Freie Universität Berlin
1228 | F. Armetta et al.
increase in the T
1𝜌
(H) values for signals 1 and 3, compared to the ones of the pure
PMMA. These longer relaxation times can be ascribed to a local stiffness (within
a few nanometer length) as a result of the presence of the filler.
The calculated T
1𝜌
(C) values vary a lot between the different samples and re-
laxation peaks, and there is no trend. However, for both composites these values
were strongly affected by the presence of theCe:YAGparticles. This indicates that
a minor contribution to the T
1𝜌
relaxation arises from each molecular group that
modulates the lH−13C dipolar coupling. A bigger decrease was observed for the
2, 3 and 4 carbons. These variations can account for specific interactions between
the polymer and the surfaces of the Ce:YAG particles. In fact, in agreement with
a previous finding [9, 10], an electron donor-acceptor interaction between the car-
boxyl oxygen lone pair and the surface yttrium or cerium ions could take place.
This specific interaction can account for the observed variations in the relaxation
time due to the retrieval of electrons along the polymer chain. This finding could
also account for the more homogenous composite, as demonstrated by TEM, and
for the shift observed in the emission spectra, and these interactions can modify
the probability of an electron transition between the electronic states.
The Ce:YAG-PMMA composites were combined with a blue LED in order to
test the composite efficiency and to verify its potential use as a white light source.
The emission spectra and the relative CIE 1931 colour space of the resulting lights
are reported in Figures 7A and 7B, respectively.
The emission spectrum of the resulting light constitutes of two bands. The
first, centred at 450 nm, is due to the blue LED, and the second one, centred at
550 nm, is due to the emission of the composite. The results show that by increas-
ing the amount of Ce:YAG in the composite, the emission intensity at 450 nm
decreased, while that at 550 nm increased.
The chromaticity coordinates, calculated from the emission spectra of the re-
sulting lights, are reported in the Commission Internationale de l’Eclairage (CIE)
chromaticity diagram (Figure 7B). TheCIE (𝑥,𝑦) coordinates of the lights obtained
combining the blue LED with the composites loaded with up to 2 wt. % Ce:YAG
are located in theblue region. Thoseof the lights obtained combining theblueLED
with the composites loaded with 5 wt. % Ce:YAG are located in the white region.
This composite is therefore more suitable for a white LED device. The reason of
the observed behaviour could be ascribed to better balance of light between the
emission from blue LEDs and the emissions from phosphor necessary to obtain
white light with proper colour rendering index and colour temperature [21]. The
higher intensity of the emission of the Ce:YAG-PMMA loaded with 5 wt. % and
the observed shift in the maximum of the band are the responsible of the better
matchingwith the blue light of LED. Thismeans that the gooddispersion observed
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Figure 7: (A) Emission spectra and (B) and the relative CIE 1931 colour space of the resulting
light.
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by TEM and the specific interactions investigated with NMR influenced the result-
ing light.
4 Conclusions
A series ofCe:YAG-PMMA composites were prepared bymelt compounding. The
effect of the amount ofCe:YAG on the structure, morphology and optical proper-
ties of the compositeswas investigated. The results show that theparticles arewell
dispersed in the polymer. The polymer is amorphous and the crystalline phase
of Ce:YAG does not change in the composite. When increasing the amount of
Ce:YAG, a shift in the emission spectrum occurred. This behaviour was ascribed
to electron donor-acceptor interactions between the carboxyl oxygen lone pair
and the particle surface, as indicated by the changes in the relaxation times ob-
tained by NMR.
The combination of the composites with blue LED gives the best white light
for the Ce:YAG-PMMA composite loaded with 5 wt. % Ce:YAG. In this case, the
obtained light better balances the light between the emission from blue LEDs and
the emissions fromCe:YAG. The result clearly shows that the colour properties of
light from white LEDs can be controlled by an appropriate selection of the phos-
phor in a composite.
Acknowledgement: The authors acknowledge the University of Palermo, FFR
2012–2013 –ATE 0594 “Development of new methodologies for the synthesis and
functionalization of nanoparticleswith luminescence properties for advanced ap-
plications” and CORI2013 (Bando per la concessione di contributi per l’avvio e lo
sviluppo di collaborazioni dell’Ateneo 2013 –AzioneD– prot. 32827 del 2/5/2013).
NMR and TEM experimental data were provided by Centro Grandi Apparecchia-
ture – UniNetLab – Università di Palermo funded by P.O.R. Sicilia 2000–2006,
Misura 3.15 Azione C Quota Regionale. Student support was provided by the Na-
tional Research Foundation in South Africa. Thanks to Dr. Camillo Sartorio for the
registration of the excitation and of the emission spectra.
References
1. R. Zhang, H. Lin, Y. Yu, D. Chen, J. Xu, and Y. Wang, Laser Photonics Rev. 8 (2014) 158 and
reference therein.
2. G. Blasse and A. Bril, J. Chem. Phys., 47 (1967) 5139.
 - 10.1515/zpch-2015-0703
Downloaded from De Gruyter Online at 09/08/2016 09:50:16AM
via Freie Universität Berlin
Influence of the Ce:YAG Amount | 1231
3. J. K. Kim, H. Luo, E. F. Schubert, J. Cho, C. Sone, and Y. Park, Jpn. J. Appl. Phys. 44 (2005)
L649.
4. V. Tucureanu, A. Matei, I. Mihalache Mihai Danila, M. Popescu, and B. Bita, J. Mater. Sci. 50
(2015) 1883.
5. M. Kottaisamy, P. Thiyagarajan, J. Mishra, and M. S. Ramachandra Rao, Mater. Res. Bull. 43
(2008) 1657.
6. A. B. Muñoz-García, J. L. Pascual, Z. Barandiarán, and L. Seijo, Phys. Rev. B 82 (2010)
064114.
7. M. Upasani, B. Butey, and S. V. Moharil, J. Appl. Phys. 6 (2014) 28.
8. J. Chen, Z. Deng, Z. Liu, Y. Lin, H. Lan, D. Chen, and Y. Cao, Opt. Express 23 (2015) A292.
9. M. L. Saladino, A. Zanotto, D. F. Chillura Martino, A. Spinella, G. Nasillo, and E. Caponetti,
Langmuir 26 (2010) 13442.
10. M. L. Saladino, D. F. Chillura Martino, M. A. Floriano, D. Hreniak, L. Marciniak, W. Stręk, and
E. Caponetti, J Phys. Chem C 118 (2014) 9107.
11. M. L. Saladino, F. Armetta, M. Sibeko, A. S. Luyt, D. F. Chillura Martino, and E. Caponetti,
J. Alloy. Compd. 664 (2016) 726.
12. M. L. Saladino, T. E. Motaung, A. S. Luyt, A. Spinella, G. Nasillo, and E. Caponetti, Polym.
Degrad. Stabil. 97 (2012) 452.
13. T. E. Motaung, A.S. Luyt, F. Bondioli, M. Messori, M. L. Saladino, A. Spinella, and E.
Caponetti, Polym. Degrad. Stabil. 97 (2012) 1325.
14. T. E. Motaung, A.S. Luyt, M. L. Saladino, D. F. Chillura Martino, and E. Caponetti, Express
Polym. Lett. 6 (2012) 871.
15. V. K. Thakur, D. Vennerberg, S. A. Madboulyb, and M. R. Kessler, RSC Adv. 4 (2014) 6677.
16. E. Shobhana, Int. J. Mod. Eng. Res. 2 (2012) 1092.
17. S. V. Bhat, A. Govindaraj, A., and C.N. R. Rao, Chem. Phys. Lett. 422 (2006), 323.
18. T. E. Motaung, M. L. Saladino, A. S. Luyt, and D. F. Chillura Martino, Compos. Sci. Technol.
73 (2012) 34.
19. T. E. Motaung, A.S. Luyt, M. L. Saladino, and E. Caponetti, Polym. Composite. 34 (2013)
164.
20. T. E. Motaung, M. L. Saladino, A. S. Luyt, A.S., and D. F. Chillura Martino, Eur. Polym. J. 49
(2013) 2022.
21. L. Lei Chen, C.-C. Lin, C.-W., Yeh, and R.-S. Liu, Materials 3 (2010) 2172.
 - 10.1515/zpch-2015-0703
Downloaded from De Gruyter Online at 09/08/2016 09:50:16AM
via Freie Universität Berlin
